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Structural Insights into the Assembly and Function of the IP3 Receptor
Ligand-Binding Module
Zhiguang Yuchi, Filip Van Petegem.
University of British Columbia, Vancouver, BC, Canada.
Inositol 1,4,5-trisphosphate receptors (IP3Rs) are calcium-releasing channels
that are involved in numerous physiological functions such as learning and
memory, muscle contraction and cell proliferation. Dysfunction of IP3Rs and
IP3R-interacting proteins has been implicated in several diseases including neu-
rodegenerative diseases and arrhythmia. The activation of IP3Rs requires the
binding of both IP3 and Ca
2þ. The IP3-binding module is composed of two
sub-regions: the suppressor domain and the IP3-binding core. Previous studies
showed that the suppressor domain reduces the affinity of the IP3-binding core
for IP3 and that the isoform-specific IP3-binding affinity of IP3R is due to the
different interactions between these two domains.
We crystallized and solved the structure of the whole N-terminal ligand-
binding module of IP3R isoform 3 by X-ray crystallography to 3.4 A˚. This
structure, which represents the closed state of the channel, shows a clear con-
formational change in the IP3-binding core compared to previous open state
structures. The suppressor domain interacts with IP3-binding core mainly
through a hydrophilic interface. Comparing this interface with the one from
IP3R isoform 1, we identified the structural element that is crucial for the
isoform-specific IP3-binding affinity. Docking into the IP3R electron micros-
copy map places the module on the cytoplasmic part of the channel around
the four-fold symmetry axis. Four ligand-binding modules form a cluster at
the apex of the mushroom-shaped IP3R protein. The crystal structure and the
localization of IP3R ligand-binding module resemble another type of intracel-
lular Ca2þ-release channel, ryanodine receptors. We propose a model showing
that these two channels share a common allosteric gating mechanism.
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Electron Cryo-Microscopic Study of the Type 1 IP3R
Hui Zheng, Gaya P. Yadav, Brian Borkowski, Qiu-Xing Jiang.
UT Southwestern Medical Center, Dallas, TX, USA.
Inositol 1,4,5-trisphosphate receptors (IP3Rs) play important roles in a battery
of cellular activities. Structural study of the receptors is therefore very impor-
tant for understanding how they are gated by their natural ligands and are mod-
ulated by their intracellular partners. In past several years, multiple groups have
generated very disparate reconstructions of the type 1 IP3R since the first low-
resolution cryoEM structure was published (Jiang, et al EMBO J. 2002). Strik-
ing structural variations have been reported for receptors in different detergents
and for receptors prepared from native and sf9 cells by the same research
groups, suggesting that the biochemical preparations of the receptors have sig-
nificant variations and that the heterogeneity in the samples could be a limiting
factor in reaching accordant results. To help resolve such discrepancies, we are
conducting single particle reconstruction of the type 1 IP3Rs from both native
tissues and heterogeneous expression systems. We worked out conditions that
maintained the stability and biochemical homogeneity of the purified receptors,
and introduced site-specific mutations and prepared accessory binding partners
to facilitate the mapping of specific locations in the 3D reconstruction. We are
currently collecting datasets from the receptors in different conditions in order
to examine the consistency among the reconstructed structures.
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A Park/Drive Model for the Inositol-Trisphosphate Receptor (IPR)
Ivo Siekmann1, Larry E. Wagner, II2, David Yule2, Edmund J. Crampin1,3,
James Sneyd4.
1Auckland Bioengineering Institute, Auckland, New Zealand, 2University
of Rochester, Rochester, NY, USA, 3Department of Engineering Science,
Auckland, New Zealand, 4Department of Mathematics, Auckland,
New Zealand.
The inositol-trisphosphate receptor (IPR) is an ion channel that plays a crucial role
in the generation of calcium (Ca2þ) oscillations; it regulates the release of Ca2þ
ions from internal stores, such as the endoplasmic reticulum (ER), to the cytosol.
Recently, it was discovered that the IPR spontaneously jumps between two
levels of activity - the nearly inactive ‘‘park mode’’ and the highly active
‘‘drive mode’’ - even at constant concentrations of its ligands inositol-
trisphosphate (IP3), adenosine trisphosphate (ATP) and Ca
2þ.
A new model for the IPR will be presented that takes into account mode regu-
lation and which is based upon a large data set collected from type I and type II
of the IPR at various ligand concentrations. It will also be shown how models
for ion channels can be generated directly from single channel data sets byMar-
kov chain Monte-Carlo (MCMC).555-Pos Board B341
A Data Driven Approach to Learning the Kinetics of Single Molecules:
A Case Study of Single Inositol 1,4,5-Trisphosphate Receptor Channel
Ghanim Ullah1, Don-On D. Mak2, John E. Pearson1.
1Los Alamos National Lab, Los Alamos, NM, USA, 2University of
Pennsylvania, Philadelphia, PA, USA.
The inositol 1,4,5-trisphosphate (IP3) receptor (IP3R) channel plays a central
role in the generation and modulation of intracellular Ca2þ signals in animal
cells. To gain insight into the crucial intricate ligand regulation of this ubiqui-
tous channel, we constructed the simplest quantitative continuous-time Mar-
kov-chain model using a transparent iterative approach, which can be
adopted to Markov chain models in general. Our model accounts for all exper-
imentally observed gating behaviors of single native IP3R channels from insect
Sf9 cells. Ligand (Ca2þ and IP3) dependencies of channel open probability (PO)
established six main ligand-bound channel complexes, where a complex con-
sists of one or more states with the same ligand stoichiometry and open or
closed conformation. Channel gating in three distinct modes added one addi-
tional complex and indicated that three of the complexes can gate in two differ-
ent modes. This also restricted the connectivity between channel complexes.
Finally, channel responses to abrupt ligand concentration changes defined
a model with 9 closed states and 3 open states, and its network topology.
The model with 24 parameters can closely reproduce the equilibrium PO and
channel gating statistics for all three gating modes for a broad range of ligand
concentrations. It also captures the major features of channel response latency
distributions. The model can generate falsifiable predictions of IP3R channel
gating behaviors not yet explored, and provide insights to both guide future
experiment development and improve IP3R channel gating analysis.
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Calcium-Flux-Mediated Modulation of InsP3R Channel Activity by ER
Luminal Calcium Concentration
Horia Vais, J. Kevin Foskett, Don-On Daniel Mak.
University of Pennsylvania, Philadelphia, PA, USA.
The ubiquitous, mostly endoplasmic reticulum (ER)-localized InsP3R channel
modulates cytoplasmic free [Ca2þ] ([Ca2þ]i) to generate complex Ca
2þ signals
by releasing Ca2þ stored in the ER lumen. Whereas cytoplasmic InsP3 activa-
tion and biphasic [Ca2þ]i regulation of the channel have been well studied, its
regulation by ER luminal free [Ca2þ] ([Ca2þ]ER) is poorly understood and con-
troversial. Here, we used excised luminal-side-out nuclear patch clamping with
perfusion solution exchange to study the effects of [Ca2þ]ER on homotetrameric
rat type 3 InsP3R (InsP3R-3) channel activity. In optimal 2 mM [Ca
2þ]i (buff-
ered by 0.5 mM diBrBAPTA) and sub-saturating 3 mM InsP3, jumps of
[Ca2þ]ER from 70 nM (no Ca
2þ flux through channel) to 300 mM (substantial
Ca2þ flux) reduced channel open probability (Po) significantly. This inhibition
was abrogated when saturating 10 mM InsP3 was used, but was restored when
[Ca2þ]ER was raised to 2 mM. This [Ca
2þ]ER effect exhibited a biphasic depen-
dence on [Ca2þ]i because jumps of [Ca
2þ]ER (70 nM to 300 mM) in 3 mM InsP3
increased Po in sub-optimal 70 nM Ca
2þ
i. These effects of [Ca
2þ]ER were
attenuated when an electrical potential was applied to oppose Ca2þ flux through
the channel. Importantly, the effects of [Ca2þ]ER on channel activity depended
on cytoplasmic Ca2þ buffering conditions: it was stronger when [Ca2þ]i was
weakly buffered by 0.1 mMHEDTA (a slow Ca2þ chelator) but was completely
abolished with 5 mM diBrBAPTA buffering. These observations are com-
pletely accounted for by Ca2þ flux driven by [Ca2þ]ER through the open InsP3R
channel raising local [Ca2þ]i around the channel to regulate its Po through its
cytoplasmic activating and inhibitory Ca2þ-binding sites. These results provide
no evidence for a role of [Ca2þ]ER in regulating InsP3R-3 activity by effects
mediated directly on the luminal aspect of the channel.
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Characterization the GABAA Channels in Various Cell Expression
Formats using a Microfluidic Patch Clamp System
Qin Chen, Cristian Ionescu-Zanetti.
Fluxion Biosciences, South San Francisco, CA, USA.
Ensemble recording and microfluidic perfusion in IonFlux platform are de-
signed to remove the laborious nature of manual patch clamp and improve
the recording success rates. Here we present assay characteristics of an impor-
tant class of ligand gated ion channels, GABAA channels study. A variety
methods and backgrounds expressing GABAA channels were successfully stud-
ied on IonFlux (defined as IGABA > 500pA) including stably transfected HEK
cells expressing a1b3g2 GABAA channels, frozen “ready to assay” HEK cells
expressing a1b3g2 or a3b3g2 GABAA channels, transiently transfected HEK
cells expressing a1b3g2 GABAA channels and primary and immortalized
Sunday, February 26, 2012 111acultures of human airway smooth muscle cells endogenously expressing
GABAA channels composed of a4, a5 b3 g1, g2, d and q subunits. We obtained
success rates above 95% for transiently or stably transfected HEK cells and fro-
zen ‘‘ready to assay’’ HEK cells expressing GABAA channels. Tissue-derived
immortalized cultures of airway smooth muscle cells exhibited a slightly lower
recording success rate of 75% using automated patch, which was much higher
than the 5% success rate using manual patch clamp. Primary cells harvested
from tissue yielded 30% success on this automated electrophysiology platform.
In all cases, both responses to agonist (EC50 measurements) and pharmacology
of GABAmodulators and inhibitors compared well to previously reported man-
ual patch results. The data presented here demonstrates that both the biophysics
and pharmacologic characterization of GABAA channels in a wide variety of
cell formats can be performed on this automated patch clamp system. This au-
tomated approach exhibited a much higher success rate, lower variability, and
higher experimental throughput as compared to manual patch clamp
techniques.
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Mapping GABAA Receptor Single Nucleotide Polymorphisms (SNPs)
Linked to Epilepsy: Insights into the Receptor Gating and Assembly
Ciria C. Hernandez, Katharine N. Gurba, Ningning Hu,
Robert L. Macdonald.
Vanderbilt University Medical Center, Nashville, TN, USA.
Missense polymorphisms or variants that affect function and/or expression of
GABAA receptors (GABARs) have been associated with idiopathic generalized
epilepsies (IGEs) in GABRA1, GABRA6, GABRB3, GABRG2 and GABRD
genes. Three separate IGE-associated mutations were identified in GABAR
subunits (b3(G32R), a6(Q237R) and g2(K328M)), which represent a large
range of GABARs in the nervous system. We sought to investigate the contri-
butions of these mutations into the assembly and function of GABARs. Homol-
ogy modeling suggested that G32R is located within the N-terminal a-helix b3
subunit domain, and Q237R and K328M are located within the pre-M1 segment
of the N-terminal a6 subunit domain and the M2-M3 loop of the N-terminal g2
subunit domain, respectively. We studied gating properties and surface expres-
sion of wild type (wt) a1b3g2, a6b2g2, a1b2g2 and mutant a1b3(G32R)g2,
a6(Q237R)b2g2, a1b2g2(K328M) receptors expressed in HEK293T cells.
We found that the mutations share common gating defects, but distinctive traf-
ficking defects. Thus, mutant b3(G32R) subunits displayed a mixed profile,
causing both gating and trafficking defects of a1b3g2 receptors, whereas mu-
tant a6(Q237R) and g2(K328M) subunits caused exclusive channel gating de-
fects of a6b2g2 and a1b2g2 receptors. Unexpected, homology modeling
predicted that the b3(G32R) mutation affects a salt bridge across the g2/b3 sub-
unit interface, which underlies an assembly motif reported to be essential for
inter-subunit interactions in assembled receptors. In contrast, a6(Q237R) and
g2(K328M) subunit mutations are predicted to interact with residues in Pre-
M1 domain, M2-M3 loop and Cys-loop of a6 and g2 subunits that are critical
for desensitization-deactivation coupling of GABARs.
NIH funding NS33300 to RLM.
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Interactions of GABAAReceptors with Steroid-Like Positive and Negative
Modulators
Jerome Henin1, Grace Brannigan2.
1CNRS, Marseille, France, 2Rutgers University, Camden, NJ, USA.
A new model for the gamma-aminobutyric acid class A (GABAa) receptor is
presented, based on recent crystal structures of the homologous eukaryotic
GluCl channel (3RHW). The models suggest an additional disulfide bridge in
the transmembrane domain of both alpha and gamma (but not beta) subunits.
Models for the GABAa receptor in complex with steroid or steroid-like mod-
ulators such as cholesterol, pregnenolone, and thyroid hormone have also
been developed, based on ivermectin sites in PDB:3RHW and mutagenesis
studies. Extended molecular dynamics simulations of these models indicate sta-
ble binding interactions between the modulator and the receptor, with moderate
adjustment of modulator orientation. Hydrogen bonding patterns between mod-
ulator and receptor polar groups are shown to be modulator-dependent; these
results will be compared to prevailing hypotheses for essential pharmacophores
in modulation of GABAa receptors by neurosteroids.
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Optical Control of Neuronal Inhibition with Genetically Engineered Light
Inhibited GABAA Receptors (Li-GABARs)
Christopher M. Davenport1, Wan-Chen Lin1, Alexandre Mourot1,
Devaiah Vytla2, Caleb M. Smith1, Kathryne A. Medeiros2,
James J. Chambers2, Richard H. Kramer1.
1University of California Berkeley, Berkeley, CA, USA, 2University of
Massachusetts, Amherst, Amherst, MA, USA.GABA is the main inhibitory neurotransmitter in the brain, acting primarily at
ionotropic GABAA receptors. The a subunit is critical in determining GABAA
receptor functional properties and pharmacological regulation. There are six
a subunit subtypes that are differentially expressed in the nervous system but
few selective antagonists are available to dissect the functional role of those
subtypes in neurons. We have therefore engineered a subunit specific light in-
hibited GABAA receptors (Li-GABARs). We generated a subunits with a cys-
teine mutation that allows attachment of a photoswitchable tethered ligand
(PTL) consisting of a cysteine reactive maleimide group, a photoisomerizable
azobenzene core and a variable GABAR ligand. Using cysteine-scanning mu-
tagenesis we identified optimal photoswitch attachment sites near the GABA
binding pocket for both a1 and a5 subunits, and tested multiple PTLs to pro-
duce maximal light dependent block of GABAR activity while minimally af-
fecting basal receptor properties. We recorded from hippocampal slices
expressing Li-GABARs and found evidence that a5, but not a1 containing re-
ceptors counteract NMDA receptor dependent synaptic depolarization. This
novel interaction could provide a basis for the regulation of synaptic plasticity
and memory by a5 receptors. This approach in general provides a strategy to
study the role of specific GABAA receptor subunits and their importance in
neuronal function and disease.
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A Molecular Dynamics Study on the Effect of Disulfide Bonds in Cys-Loop
Ligand-Gated GABAA Receptors
Timothy S. Carpenter, Edmond Y. Lau, Felice C. Lightstone.
Lawrence Livermore Natl Lab, Livermore, CA, USA.
GABAA-receptors (GABARs) are chloride ion channels in the ‘cys-loop recep-
tor’ superfamily that are major inhibitory neuroreceptors. Upon agonist binding,
GABARs open and increase intraneuronal chloride ion concentration, hyperpo-
larize the cell and inhibit neural transmission. Reducing agents will break the di-
sulfide bonds in the cys-loop of the receptor. Indeed, it has been speculated that
sulfhydryl compounds modify proteins via thiol/disulfide redox reactions and
serve as neuromodulators (1). Reducing reagents were found to decrease the
GABA EC50 in the highly homologous GABAC-receptor, while oxidizing
reagents increased the EC50 (2). Conversely, conflicting findings suggests the
mechanism of action of redox modulation does not alter GABAR agonist-
binding affinity (3). However, studies are complicated by the fact that mutagen-
esis of the cysteines commonlyproduces failure of subunit assembly (4). Thus, to
investigate the effect of disulfide bond breakage on the receptor we generated
various GABAR homologymodels with and without disulfide bonds. These sys-
tems were subjected to ligand docking and extensive molecular dynamics sim-
ulations to determine if the GABA affinity was modulated. This work
performed under the auspices of the U.S. Department of Energy by Lawrence
Livermore National Laboratory under Contract DE-AC52-07NA27344.
1. Allan, A. M. and L. D. Baier. 1992. Effect of thiol group modification on ion
flux and ligand binding properties of the GABAA-benzodiazepine receptor
chloride channel complex. Synapse 10:310-316.
2. Calero, C. I. and D. J. Calvo. 2008. Redox modulation of homomeric rho1
GABA receptors. J Neurochem 105:2367-2374.
3. Pan, Z. H., et al. 2000. Redox modulation of recombinant human GABA(A)
receptors. Neuroscience 98:333-338.
4. Amin, J., et al. 1994. The agonist binding site of the gamma-aminobutyric
acid type A channel is not formed by the extracellular cysteine loop. Mol Phar-
macol 45:317-323.
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Allosteric Modulators Targeting Multiple Binding Sites in Bacterial
Homolog of GABAA Receptor
Radovan Spurny1, Bert Billen1, Marijke Brams1, Rebecca Howard2,
Adron R. Harris2, Chris Ulens1.
1Lab of Structural Neurobiology, KULeuven, Leuven, Belgium, 2The
University of Texas at Austin, Waggoner Center for Alcohol & Addiction
Research, Austin, TX, USA.
GABAA receptors belong to the family of pentameric ligand-gated ion chan-
nels (LGIC), which are involved in fast inhibitory neurotransmission. GABAA
receptors are allosterically modulated by benzodiazepines, general anesthetics
and alcohols. In this study, we investigate the effects of a range of general an-
esthetics, alcohols and non-competitive inhibitors on ELIC, which is a recently
characterized prokaryote homolog of GABAA receptors. We used two-
electrode voltage clamp recordings to identify ELIC modulators from a library
of compounds including chlorpromazine, memantine, picrotoxin, etomidate,
DMCM and brominated derivatives of alcohols and chloroform. X-ray crystal
structures of ELIC in complex with different modulators reveal the molecular
architecture for ligand recognition. Consistent with the observation that
